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I. INTRODUCTION
Fšrster resonance energy transfer (FRET) is frequently referred to as the Ôspectroscopic rulerÕ and has been applied to a broad range of research, including distance distributions, metabolic sensing, protein and cell functions [1] [2] . It occurs between donors and acceptors in close proximity, with an effective range of typically 1-8 nm for organic donors and acceptors, as limited by the nature of their dipoledipole interaction. However, this constraint in the length scale of detection can be extended dramatically 2 when metallic particles act as acceptors since the distance dependence now scales at less than the 6 th power [3] .
In addition to extending the upper range limit, gold nanoparticles are in many ways superior to organic dye molecules in energy transfer application as they are photostable. This combines with low toxicity, tunable absorption band and ability to conjugate to bio-molecules, making gold nanoparticles a versatile probe in biological imaging and sensing [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . This is especially true for gold nanorods (GNRs), where their strong two-photon luminescence (TPL) makes them excellent fluorescence probes in biological imaging [16, 17] as the intrinsic advantages of two-photon excitation (high spatial definition, increased specificity, reduced photo-bleaching and reduced excitation of endogenous fluorescence) can also be brought to bear. Previously we demonstrated that by incorporating GNRs in cells their fast fluorescence decay time of GNRs could be used to good effect to increase contrast in Fluorescence Lifetime Imaging Microscopy (FLIM) [18] .
Recent studies in energy transfer processes in Au nanoparticle assemblies have shown their applications in protein binding and conformational changes, RNA folding/unfolding, metal ion detection, etc [19] .
While most studies used single photon excitation, we have reported the study of energy transfer between dye and GNRs under two-photon excitation. Energy transfer between 4'-6-Diamidino-2-phenylindole (DAPI), a commonly used DNA dye, and GNR were observed under two-photon excitation using FLIM in both solution and intracellular phases [15] . It was also found that GNRs provided more efficient energy transfer than gold nanospheres with comparable size and concentration. This energy transfer enhancement was attributed to the longitudinal surface plasmon mode of GNRs overlapping with the incidence excitation wavelength. Surface plasmon effects in the energy transfer were also found in core/shell nanoparticles where gold nanorod cores were coated by dye (Rhodamine 800) doped polystyrene shells [20] . Enhanced energy transfer, indicated by a large decrease in the fluorescence lifetime of fluorophore, was observed when the excitation wavelength matched the longitudinal surface plasmon band of the gold cores. Further energy transfer between Alexa Fluor 405 and gold nanorods under one-and two-photon excitation was demonstrated experimentally using FLIM and theoretically using density matrix method [21] . The energy transfer via the dipole-dipole interaction was found to cause a decrease in the fluorescence lifetime. In this work, a new model for the dipole-plasmon interaction between the dye and metal nanoparticles for the two-photon process was developed where plasmon in the nanorods was considered as localized in all three dimensions (in stead of onedimensional treatment in surface energy transfer (SET) model) because the size of the nanorod in all 3 three dimensions is much smaller than the wavelength of the incident light. This description successfully accounts for the surface plasmon enhanced energy transfer under two-photon excitation.
Together these studies demonstrate that gold nanorod-dye energy transfer combinations are appealing, not only in FRET imaging, but also energy transfer-based fluorescence lifetime sensing of bio-analytes.
Here, we describe a study of the internalization of GNRs in cells via energy transfer -based fluorescence lifetime imaging using early endosome marker coupled with GFP. Observed energy transfer between GNRs and GFP indicates the involvement of endocytosis in GNR uptake. Moreover, a novel nanoprobe based on functionalized gold nanorod for nucleic acid sensing through energy transfer fluorescence spectroscopy is demonstrated.
II. EXPERIMENTAL

A. Syntheses of Au nanoparticles
Gold nanorods were synthesized by the seeded growth method [22] . To synthesize GNRs, 2.5 ml 
B. Functionalize Au nanorods with hairpin DNA (hpDNA)
The CTAB surfactant on the GNR surface was first replaced with mercaptohexanoic aic (MHA) using a previously reported round-trip phase transfer ligand exchange approach [23] . Thiolated oligonucleotides and the corresponding complementary oligonucleotides were purchased from Eurofins MWG Operon and Integrated DNA Technologies, respectively. The disulfide bonds of thiolated single strand DNA (ssDNA) were reduced by Tris(2-carboxyethyl)phosphine hydrochloride (TCEP). The MHA-GNRs were conjugated with ssDNA through a salting aging process [24, 25] . 4 
C. Cell treatment with gold nanorods
Gold nanorods dispersions were centrifuged to remove the excess CTAB and redispersed in deionized water twice (14000 rpm, 5 mins per cycle) with a final optical density about 1.0. Cells were treated with 100 µl of gold nanorods solution and incubated for 3 hours under standard cell culture conditions at 37 ¡C and 5% CO 2 . The cells were washed thoroughly with phosphate buffered saline (PBS) to remove excess nanorods and fixed with 3.7% paraformaldehyde. After staining with 4'-6-Diamidino-2-phenylindole (DAPI), the sample was dispersed on a glass slide and with a cover slit for imaging.
D. Lifetime Measurements
Time-resolved fluorescence measurements were performed using the time-correlated single-photon The fractional contribution of each lifetime component to the steady-state intensity is represented by
E. Fluorescence lifetime imaging microscopy (FLIM)
FLIM was performed by using a confocal microscope (LSM 510, Carl Zeiss) equipped with a time- 
III. RESULTS AND DISCUSSION
A. Energy transfer based FLIM study on the internalization of GNRs in HeLa cells
Gold nanoparticles have great potential in biomedical application, including in vitro and in vivo imaging, sensing, drug delivery and cancer therapy because of their unique physical and chemical properties [26] [27] [28] . To exploit the potential, it is essential to understand the penetration of nanoparticles through biological barriers [29] . The study of intracellular pathways of gold nanoparticles and uptake mechanisms are critical for many of these applications, as they provide information on uptake rate, route, final intracellular location, the effects of nanoparticles to cell organelles, etc. However this is not a trivial task. On one hand, the uptake process is a complex process influenced by both the properties of cells, such as cell groups and types, and characteristics of nanoparticles, such as the size, shape, surface charge and coating conditions [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . So far different nanoparticle pathways into cell membranes have been reported and mechanisms are still a subject of study [40, 41] . On the other hand, conventional techniques used for tracking nanoparticles in cell cultures have both advantages and limitations. For example, traditional fluorescence microscopy can perform in vivo or in vitro imaging on cell organelles via fluorescence labeling, but it is restricted by its diffraction-limited spatial resolution. It is difficult in some cases to conclude whether the overlapping pixel is real colocalization or just structures in approximation. Super resolution techniques can extend the limit of optical microscopy but only at a considerable increase in complexity. Similarly, transmission electron microscopy (TEM) has superior spatial resolution but the specimen has to be thinly sliced and imaged under vacuum, therefore is not suitable for in situ visualization of biological samples.
Here we introduce a two-photon energy transfer -based FLIM method that monitors the energy transfer between gold nanorods and fluorescent molecules in order to study cell uptake of GNRs. (a) (bright green spots in (a)). Fig. 1 (a) shows a typical confocal image of HeLa cells labelled by Rab5a-GFP. Bright spots in the image are considered to be fluorescence from GFP, while no strong fluorescence signal but only weak cell autofluorescence can be seen from a control sample in Fig. 1(b) . Fig.1 (c) is a TPL intensity image taken from the same sample as in Fig. 1 (a) with 850 nm femto-second laser excitation and 500-550 nm emission bandpass filter. Fig. 1 (d) is the FLIM image of the same area where different colours in each image pixel varying from orange to blue represent fluorescence lifetimes ranging from 0 to 3 ns. The fluorescence lifetime was obtained by fitting the experimental decay curves to a single exponential decay model, as shown in Fig. 1 (e) . The fluorescence lifetime of GFP in cell culture is found to be around 2 ns with a symmetric distributionin ( Fig. 1 (f) ), consistent with previous reports [43, 44] . Fig. 1 shows that Rab5a-GFP allowed imaging of early endosomes in HeLa cells and emitted strong and stable fluorescence under both single and two-photon excitations. considered to be signals from gold nanorods or overlapping areas where both emissions from GNRs and GFP were found. This is because that the decay time scale of TPL from GNRs [18] is extremely small (<100 ps and comparable to the instrumental impulse response), while the intensity is much stronger than that from GFP (contribution over 80% of total signal). Therefore even though the lifetime of GFP is as long as 2 ns, the average lifetimes in these pixels are quite short, usually around several hundred picoseconds. interval from 1100 ps to 2400 ps. Compared to a symmetric lifetime distribution of GFP (Fig. 1 (f) ), lifetimes of GFP in the vicinity of gold nanorods form an asymmetric distribution, showing a higher rate of reduced lifetime with a long tail reaching 1.1 ns, which suggests energy transfer does exist between GFP and gold nanorods. This indicates that gold nanorods and Rab5a-GFP are in close proximity, implying the cell uptake of gold nanorods by endocytosis.
B. Gold nanorod -based energy transfer probe for RNA sensing
Messenger ribonucleic acid (mRNA) bridges genome information harboured within DNA to phenotypes primarily and collectively expressed by proteins. In most cases, the dynamics of mRNA in the cell directly reflects the levels of protein, hence the phonotypical expression. Because of its important roles in biology numerous methods have been developed to assess the mRNA expression in response to a variety of physiological and pathological cues [42] [43] [44] . Molecular beacon (MB) is one of the most promising probes for mRNA detection. MB is usually designed with a hairpin-structured oligonucleotide with a fluorophore-quencher pair that undergoes a spontaneous fluorogenic conformational change upon hybridization with the complementary nucleic acid target [45, 46] . MB offers good opportunities in homogeneous assays of mRNA and real-time monitoring of the expression of mRNA inside living cells due to its good sensitivity and enhanced specificity [47] [48] [49] [50] . However, traditional MBs suffer from problems of lacking universal organic quenchers [51] . Quenching efficiency may vary from one fluorophore to another, limiting the signal/background ratio. Moreover, transfection reagents are required for cellular internalization of MBs. Recent studies show that these limitations can be elegantly addressed by using functionalized gold nanoparticles (AuNPs). It has been proven that AuNPs are highly efficient quenchers for a range of organic fluorophores [48] and exhibit long-range fluorescence quenching capability [15, 21, 52] . Moreover, AuNPs functionalized by oligonucleotides show highly efficient cellular uptake without the need of transfection reagents and extraordinary intracellular stability against enzymatic degradation as well as enhanced binding capability of complementary nucleic acids [53] [54] [55] . Exploring the potential of gold nanoparticle based RNA probes, here we report a new nanoprobe based on functionalized gold nanorods and the influence of hairpin structure on the quenching efficiency of this energy transfer pair.
Thiolated oligonucleotides and the corresponding complementary oligonucleotides used in this work are listed in Table 1 . The underlined bases represent the stem sequences in their hairpin structure. Fig. 3 shows fluorescence decay curves taken from hairpin DNA (hpDNA) functionalized GNRs in their initial quenching states. Lifetime analysis using multiple exponentials reveals three lifetime components, as 10 summarized in Table 2 . Two lifetime components were found in the ns and sub ns range that can be attributed to Cy5, while the third short lifetime component in the tens of ps region is probably due to strong scattering from gold cores. Three probes, namely hpCy5_2, hpAACy5 and hpCy5f, have first lifetime components, 1.6 ns, 0.9 ns and 1.2 ns, shorter than the lifetime found from these Cy5 Ð oligonucleotide in free form (2.1 ns, 1.8 ns and 2.0 ns, respectively). In contrast, the first lifetime component of hpCy5_1 (1.8 ns) is comparable to its free form (1.96 ns). This suggests the existence of loosed hairpins possibly due to a relatively low hairpin melting temperature (48. oligonucleotides. An apparent increase in fluorescence intensity is observed in both cases, suggesting a successful switching from initial quenching states to final fluorescence states after hybridization. As expected, hpAACy5 probe has a higher signal/background ratio than hpCy5_2 does. For the first time, this study shows that time-resolved fluorescence spectroscopy is a useful tool for investigating the quenching efficiency of hairpin DNA functionalized gold nanorods and reveals the significance of hairpin design on the performance of such a nanoprobe. It is anticipated that this study will bring insight to the optimization of such RNA nanoprobes.
IV. CONCLUSION
In summary, we have found that energy transfer provides more additional information in biological studies when combined with the advantages of two-photon excitation microscopy of GNRs, as diagnosis and prognosis. We have also demonstrated that time-resolved fluorescence spectroscopy can be applied to investigate the influence of hairpin design on the initial quenching state and thus bring insight towards optimizing such nanoprobes. 
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